The performance of interfaces is affected by human factors, which vary from one person to another, and by the inherent characteristics of the various devices involved. A set of techniques has been studied in order to improve the efficiency and efficacy of input interface devices. These techniques are based on the modification of the motor scaling factor, a transformation similar to the known Control-Display ratio (CD ratio). Operation time, the accuracy of the task and user workload are the indicators used in this work. By means of models based on the various human motor behaviors, the improvement of such indicators has been demonstrated. Using some common input interface devices, a number of experiments have been carried out to evaluate the presented methodology. The results show that the overall performance of input interfaces is significantly improved by applying such methodology.
The performance of interfaces is affected by human factors, which vary from one person to another, and by the inherent characteristics of the various devices involved. A set of techniques has been studied in order to improve the efficiency and efficacy of input interface devices. These techniques are based on the modification of the motor scaling factor, a transformation similar to the known Control-Display ratio (CD ratio). Operation time, the accuracy of the task and user workload are the indicators used in this work. By means of models based on the various human motor behaviors, the improvement of such indicators has been demonstrated. Using some common input interface devices, a number of experiments have been carried out to evaluate the presented methodology. The results show that the overall performance of input interfaces is significantly improved by applying such methodology.
INTRODUCTION
The use of adequate computer interfaces allows users to reach the highest levels of efficiency and efficacy along the execution of a task. Complex tasks, which are difficult to be executed by humans or machines separately, can be better performed by interfaces combining the best characteristics of both by means of proper techniques. In this scenario, users can execute these tasks in a more effective and ergonomic manner. The use of Input interface devices has progressively grown, not only for human-computer interaction but also in vehicle control, aeronautics, robotics, and machine control. Devices like joysticks, mice, trackballs, and steering wheels connect human hands to computers or machines, transforming movement orders into the desired actions.
Ergonomics is a key factor in considering the communication between humans and machines. Current systems need the introduction of methods and elements so that the involved tasks are more efficient and effective. The interaction with machines through current computer interfaces allows users to run accurate and efficient tasks that would be impossible to perform using conventional methods. Computer interfaces are especially relevant in tasks such as those performed in teleoperation, the handling of biological materials, or micromanipulation of new materials or microelectronic devices. However, these interfaces can also be applied to a wide range of daily computer-based tasks. Thus, any progress on improving human-computer interaction through interface devices has a significant impact in many applications and in many fields.
Dynamic movements for display on a computer screen can be executed through typical control devices, such as a mouse or a control stick. The process can be considered a closed-loop system, which incorporates the human hand, musculature, and eyes, as well as the brain. This article seeks to demonstrate how the human performance of such computer-control tasks can be improved. To that end, the constraints intrinsic to human movement control are here taken into account. We define a dynamic scaling algorithm that improves the operation speed and accuracy in comparison with more common static sensitivity specifications.
The most widely accepted mathematical model of human movement is known as Fitts's law (Fitts, 1954 ). Fitts's law relates the execution time of a rapid movement from a starting point to an object of width W and distance D.
This law has shown to be of great utility in the evaluation of interaction methods and interface devices.
Experimental analyses using Fitts's model have been applied to new interaction technologies. Some recent studies focus on tilt-actuated mobile devices, (I. S. MacKenzie & Teather, 2012) , tactile devices (Bi, Li, & Zhai, 2013) , or virtual gloves (Shoemaker, Tsukitani, Kitamura, & Booth, 2012 ). An experimental analysis using psychomotor models, such as Fitts's law, allows comparing the performance of different devices when some techniques are introduced like a scale change or the use of models of movement. In Medryk and MacKenzie (2013) accuracy and execution time are evaluated comparing tilt-based and touch inputs on a mobile device. A similar evaluation is performed over a mobile device in a game scenario comparing the performance achieved using a nano-stick, foam buttons and wii controller inputs (Zaman & MacKenzie, 2013) .
A human-machine interface can take advantage of interaction methodologies based on human motor and psychomotor models. Objective and subjective data obtained from experimentation will allow improving the performance of the combined action of the human and the input interface. The present study develops a methodology oriented to improve the user input interface through scaling functions that affect the CD ratio. This methodology is based on a human behavior model aimed at predicting the user's intention. These predictions are based on the regular velocity profile of the hand movement and on the knowledge of the arrangement of the objects to interact with. In our previous work (Munoz, Casals, Frigola, & Amat, 2011) , an introduction to the methodology is presented and validated with a set of experiments. The proposed techniques are compared with others based on either a constant function of the CD ratio or a static function defined according to the arrangement of objects. However, the aim of this work is to evaluate the effect of the scaling methodology and the relative variation of the performance, in terms of efficiency (i.e., operating time), efficacy (accuracy and number of errors) and user's workload, comparing four different input interface devices.
The structure of the article is as follows. The human motor model is described in Section 2, the scaling CD ratio method in Section 3, and finally Section 4 depicts the experimentation procedure of the proposed methodology.
HUMAN MOTOR BEHAVIOR MODEL
A human motor model is used to improve the performance of the orders given by the user through the input interface device. This model is generated from the observation of the velocity profile along the execution of slow and fast movements. In rapid approach to objects, the velocity profile is composed of an initial symmetric, bell-shaped impulse followed by a set of minor corrective pulses around the target (Meyer, Abrams, Kornblum, Wright, & Keith Smith, 1988; Meyer, Smith, Kornblum, Abrams, & Wright, 1990; Woodworth, 1899) . The width of the initial impulse is very regular, from person to person. Thus, it can be modeled through experimentation. This behavior is produced in rapid voluntary hand movements giving a ballistic-like response. That is, during rapid movements, humans do not have an accurate control over the whole movement; their own experience determines its performance. However, for a given range of speed values the user can control the movement with certain accuracy. In continuous and controlled movements the deviation of a traced line with respect to an imaginary line can also be modeled.
Therefore, we can differentiate two essential modes: a ballistic mode for fast movements and a navigation mode for controlled precise movements. Although other modes could be used in the study of the velocity profile of the hand movement (e.g., oscillatory), the two modes just described include most of the cases that occur in human-computer interaction. These two modes can be distinguished because in the ballistic mode a speed threshold, named V U , is surpassed, whereas the speed in the navigation mode is always below this threshold. When a picking task (e.g., reaching an icon over the desktop) performed in a ballistic mode fails after the first impulsive movement, a sequence of lower impulsive movements is applied around the target until it is reached. These lower impulsive movements, which constitute a corrective phase, never surpass V U and the successive maxima decrease as they approach the target. Other phases of the movement can be identified, like a rest state, of no movement, or an acceleration state, a change from the rest state to the maximum speed. Then, based on this human motor model, it is necessary to register the velocity profile during the hand movement to determine its phase or state. A finite state machine is used to identify these states. Figure 1 shows a pointing task velocity profile, which is composed of an initial impulse and a set of corrective impulses until the target is reached. The same sequence is shown in Figure 2 for a navigation movement (e.g., navigation over the menus on a windows interface), whereas Figure 3 shows the finite state machine that identifies the state of the movement depending on the previous state and the value of the instant velocity profile. For simplicity the states are named R (rest), A (acceleration), B (ballistic), C (corrective), and N (navigation). A change of state can happen when the instant velocity reaches either the threshold V U , or the maximum V MAX , or when v = 0.
If V MAX is reached and V MAX >V U , then the movement is identified as a ballistic impulse. Otherwise it corresponds to a corrective impulse. The variable b shown in Figure 3 is activated in ballistic mode and continues with the corrective states until the object is reached (distance to the object r = 0). Figure 4 summarizes all possible combinations of the future states in function of the present state, the instantaneous speed, V MAX and b.
Navigation Mode
During navigation mode (state N ), the user controls the movement and adjusts the speed according to the desired precision. This precision depends on the margin of movements between the path and the object to be moved. The maximum speed that the user can achieve to perform a task successfully is the threshold speed V U , which FIGURE 1. Response of a pointing task composed of an initial ballistic impulse followed by a set of corrective pulses around the target. a) Velocity profile of impulsive movements, b) chronogram with the states involved (R, A, B, C). 
Navigation task

Ballistic task
Note. The dashed line separates the parts of the state machine that correspond to a navigation task (top) and a ballistic task (bottom). 
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depends on the throughput TP required for the task. This TP value can be obtained from norm (ISO 9241-9, 2000) for tracing or dragging tasks:
where D is the distance covered along a task lasting a total time T , and S AV the average deviation around a central line. The ISO norm defines the Throughput as the quotient between the effective index of difficulty (IDe) and the movement time: TP = IDe/MT . For tracing tasks IDe = D/We. For selection, pointing or dragging tasks: IDe = log 2 (1 + D/We). We is the target width of the displayed target. The average speed during the task can be expressed as V AV = D/T , then from Equation 2 it results:
Equation 3 represents the maximum average speed for the tracing task with an error S AV . If ω p is the precision required for the movement, then:
And the threshold speed V U is defined from TP for a given task with precision ω p , being K T a constant of proportionality, the value of which depends on each user.
Ballistic Mode
When V U is surpassed, the movement is considered ballistic, because the user cannot control its smooth continuity like in the navigation mode. During a ballistic movement, the initial impulse becomes a large displacement but executed in a short time compared with the total time required to reach the target. For this reason, an attempt to achieve the goal during the first impulse will strongly reduce the execution time. It can be shown (Meyer et al., 1988 ) that, after the initial impulse, the standard deviation S 1 of the displacement D 1 is directly proportional to the average speed during the initial impulse, with a constant of proportionality K 1 that depends on each user:
The correspondence between speed and variability is nonlinear at very low speeds or very high speeds on. This has also been noted in other studies as (Liao, Jagacinski, & Greenberg, 1997) . Nevertheless, the speed values obtained from the difficulty indexes that the ISO Norm suggests show linearity. For an object of width W , the probability of reaching the object after the impulse with an error ε 1 , considering a normal distribution with zero norm and deviation S 1 is
Then, knowing the deviation S 1 , the error ε 1 can be obtained for a given object of width W and probability P of success (e.g., 95%). The lower the probability P to reach the object, the higher the error around the center of the target. When the user wants to reach an object, this is identified as a target if the error between the initial distance D and the total distance traveled D 1 during the initial pulse is lower than ε 1 for a given probability P according to Equation 6. Due to the fact that at the beginning of the movement the distance D 1 is not known, this distance could be predicted during the pulse as it is described in Section 3.2, and the movement could be modified through the scale to reach the target. If the prediction does not identify any object as a target, no action over the scale will be done, as it is assumed that the user is making movements with no intention on a specific target. Figure 5 shows an example of a picking task where three possible movements from a starting position falls in three positions around an object; position a is far from the target, then it is not considered as a target; positions b and c are near the object with an error which is small enough to consider the object as a target.
SCALING THE INTERFACE
The CD ratio relates the actions performed by the user's hand to the cursor movements over the visual display. The concept of scale used in this article is the inverse of the CD ratio. Unlike some studies, which focus mainly on the use of a predefined scale (Accot & Zhai, 2001; La Viola, 1997) , the method used in this research performs a dynamic scaling. According to the models described in the previous section, the scale factor changes as a function of the distance to the object and FIGURE 5. Distribution around a target of width W and distance D after the initial pulse. a) the pulse falls far from the target, b) the pulse falls over the target, c) the pulse falls near the target with an error lower than ε 1 -W/2 for a given probability P.
Target ε 1 the velocity of the hand movement. This is possible provided that the position of the objects of interest is known. An example of application is pointing to the icons on a desktop and buttons on a menu bar, which are located at known positions and have a known width. In this case, the object of interest becomes the target as a function of the direction and magnitude of the initial impulse according to Equation 6 for picking tasks. Then, adapting the interface by means of a scale function allows reducing the operation time, the number of corrections and, finally, the total user's workload.
On the other hand, Equation 4 must be satisfied around the objects to be manipulated by dragging or navigating through narrow menus. The finite state machine just described is used to identify each operation mode. In order to achieve the throughput of the task, a scaling variable named s M is introduced between the velocity movement command of the user (v i ) and the velocity of the cursor on the visual display (
The conditions to be accomplished to apply the scaling methodology and the human motor model can be summarized as follows:
• The position of the objects must be known as well as their relative distances to the cursor. • The objects should be classifiable into those that can be reached by ballistic movements (e.g., buttons, icons . . . ), and those that are navigated through (e.g., dropdown menus, dragging, editing actions . . . ).
• The interface requires a calibration process to characterize the parameters of the scaling functions. • The actions performed with the input interface are continuously recorded. The direction and the speed determine which of the objects becomes the target.
Normally, the interface works with the settings configured by the user (usually constant scaling with, maybe, pointing acceleration). As a function of the direction and the speed of the movement carried out by the user through the input interface, the scaling function helps the user to reach the targets or makes the tracing tasks faster and more precise.
The finite state machine determines the instants in which a change of state occurs in order to decide when to apply the proper scaling functions. During states of rest, acceleration or corrective, the scale remains constant. In the ballistic state, the dynamic scaling is applied when, during the movement, a potential ballistic target is identified. In navigation state, the dynamic scaling is applied when movements are performed over navigation targets.
This methodology is to be applied when the information of targets (objects, singular points, etc.) can be extracted from their context, either because the position of the potential targets is known or because it can be obtained from other sensors. When the position of the objects is known, as it is the case with the icons on a monitor, the analysis of movement, pointing, direction . . . can help to foresee the desired target or its distance. In other applications, vision or other sensors supply this information (e.g., holes in an assembly task). In some cases, the process could be automatized, but this work focuses on those situations in which it is the user who selects the targets. Once the direction of the movement and the potential target are identified, the scaling process allows the user to perform the movements in a fluent way, without jumps of the cursor or losing the control temporarily. The interface becomes not only more efficient and effective but also more ergonomic and transparent.
Scaling in Navigation Mode
During a navigation task in which the movement is below the threshold velocity V U , a constant scaling (k M ) relates the velocities in Equation 7. However, when the velocity surpasses V U , the scale s M varies, so as to allow the user to perform the task under control according to Equation 4. As seen in Figure 6 , a saturation technique that limits the velocity to V U can be applied as follows:
Normally, k M takes values between 1 and 2, which is a common scale used in conventional input interfaces (e.g. a mouse). 
Scaling in Ballistic Mode
During ballistic mode, Equation 6 determines, with a certain probability P, whether an object can be reached during the initial impulse. Thanks to the symmetric behavior of the velocity profile during the initial impulse, the displacement and time lapsed can be predicted. Therefore, the movement can be corrected using the scaling in order to reach the object at the first impulse. Once the maximum velocity is reached and due to the natural symmetry of the impulse, the estimated displacement x f during the impulse is
where x p is the occurred displacement until the maximum speed is reached, Figure 7 . Therefore, if the estimated displacement falls within the interval corresponding to the initial distance D to the target and ε 1, being ε 1 the error around the target, a correction will be needed.
The correction performed by the scaling during the deceleration phase is based on an estimation of the time t e with which the velocity impulse reaches the zero value. For this estimation, functions v ie (t) and v oe (t) are used to approximate the velocity profile at each instant in the input and output interfaces. Then 
where y e is the estimated displacement of the cursor on the screen, and x e the estimated displacement on the input interface. If y and x are respectively the actual displacement on the screen and on the input interface, and v o and v i the corresponding actual velocities, we can solve Equations 8 to 11 with v ie (t) and v oe (t) as linear functions of t, Figure 8 . Here the impulse velocity is approximated to a linear function, the one used in the implementation of the experiments. No significant difference in performance is observed when adjusting the impulse to a higher order function. The equation that describes the estimated linear velocity in the input interface
Because the slope a 2 in Equation 12 corresponds to the actual acceleration dv i /dt, the offset a 1 can be obtained from Equations 12 and 13 for a given t and the actual v i . Then
The estimated instant at which the speed is zero is determined by v i = 0 in Equation 16. Then 
To obtain the input estimated total movement x e , by integrating Equation 12 we can obtain the following equation:
At each instant t with a known actual position x, the parameter a 0 will be
then, for t = t e in Equation 16:
which, from Equations 14, 15 and 17, can be reduced to
At the output interface, being the final position value y e , then, for a given t and v o , and operating as in Equation 18, we obtain
By combining Equations 18 and 19, and knowing that the relationship between the velocities in the input and output interfaces is the motor scale, Equation 7, we obtain
EXPERIMENTATION
This study evaluates how the performance of an interface is affected by the use of the described dynamic scaling. Then it is compared with a conventional constant scaling with acceleration (the commonly used configuration on a windows environment) and a position dependent progressive scaling, named static scaling (some of the techniques in the literature use this form of variation of the CD ratio). The efficiency and efficacy of the interfaces for a set of tasks (i.e., operating time and number of faults), as well as the user workload, are evaluated. Two experiments are chosen from those proposed in the standard ISO 9241-9, the unidirectional connecting test and the multidirectional tracing test, which evaluate ballistic rapid movements and navigation precise movements. The experiments were carried out on 25 voluntary subjects, college students of both sexes, all of them right-handed.
At the beginning of both experiments, each participant performs a set of random trials to get used to the task, reduce the effect of practice and allow characterizing the parameters of the model (V U , K 1 , ε 1 ). At the end of the experiments each participant is asked to fill in a subjective evaluation to assess workload and the way they perceive the execution of the task, with or without scaling variation. This test assesses the participant's perception of the workload, precision, speed, frustration, and attentiveness, which is graded from 1 (low) to 5 (high) for the first scaling method. Afterward, the other scaling methods are evaluated as well and compared to the previous ones. As the ISO norm suggests, the workload is evaluated in terms of subject's fatigue (physical and/or visual); precision, as the extent to which it helps the user to accurately reach the targets; speed , understood as to which extent the task is executed in a faster way; frustration, understood as the degree of frustration as a consequence of failures; and attentiveness, understood as the degree of attention required to perform a task successfully. All the participants knew how to interpret these parameters before the experimentation starts. Each parameter is evaluated from 1 (low) to 5 (high) for the first test and, in a comparative way, the following tests from 0 (lower) to 5 (higher), and 3 (no change); see Figure 9 .
The order of the scaling methods is randomly set among the participants. The interface runs on an Intel i5 PC with a 17-in. and 1280 × 1024 pixel resolution screen. The data were analyzed through balanced two-way analysis of variance within subjects with random factors for each method, using Minitab © R17.
The aim is to compare four input interface devices and determine how dynamic scaling affects their performance. The devices used are shown in Figure 10 SpaceNavigator static joystick, and a Trust GM-2500 conventional joystick. The tests used for the evaluation of the ballistic and navigation movements are described next.
Conditioning the Input Interface
The commands from the input interface device must be converted into twodimensional movements on the output interface, the screen. Due to the different nature of the four input interfaces, it is necessary to incorporate a function that conditions the input movements before transforming them into the output interface (Figure 11 .) Each input interface has particular working characteristics. The movement characteristics can be classified as a function of the way they are normally used to input commands; incremental or absolute and angular or linear. Other characteristics that affect the movement are the range and the number of degrees of freedom. The characteristics that affect the accuracy are resolution, hysteresis and linearity. Joysticks usually have springs to keep the stick centered. This introduces hysteresis in such a position, which affects the accuracy achieved with low speed inputs. Figure 12 summarizes the characteristics of the four input interfaces used in the experiments. Figure 13 shows how each interface must be conditioned to convert the native physical movements into a linear velocity command. The mouse and the trackball are commonly used as pointing devices; working in an incremental way, they need only a scale to convert the movement commands into velocity commands. The joystick presents nonlinearity and hysteresis that should be compensated, and its angular and absolute behavior must be converted into linear incremental commands. The Joystick 3D is highly linear and has low hysteresis compared to a conventional joystick, but its very short range of movement makes it static or quasi-static, which allows working from position to velocity or from force to velocity.
The ISO norm suggests that the TP of the hand must reach at least 2bit/s for the hand (wrist), and 3 bit/s for the fingers. Using Fitts's Equation 1 for an object of width 2 mm located at a distance of 350 mm (the width of a 17-in. screen monitor) we obtain the resulting speed: The mouse and the joystick are hand-wrist actuated, whereas the trackball and the Joystick 3D are finger actuated. Taking into account the operation ranges of each interface and the value of speed V just computed, the conversion factor C between the physical input command and the input velocity vi can be computed:
being fs a safety factor (here set to 1.25, which allows a 25% of speed margin with respect to the available range).
Because the Mouse has a theoretically infinite range, it has been calibrated so that its movement and that of the cursor match. Then C = 1 being the CD ratio fixed to 1. On this basis, any of the three scaling methods studied can be applied. The mouse and trackball relate the input velocity to the output velocity through scaling (position control). The joystick and Joystick 3D relate the input position to the output velocity through scaling (velocity control). Although some studies demonstrate that position control has a better performance than velocity control for stationary target acquisition (Jagacinski, Repperger, Ward, & Moran, 1980) , joysticks are velocity controlled because the cursor must remain still when they are at their central position. Figure 14 shows the parameter C that conditions each interface. In this study none of the hysteresis effects and nonlinearities has been compensated, because its focus is on the study of the influence of scaling functions upon the performance.
Test Preparation
Before the execution of the tests, the participants are submitted to a set of random practice trials followed by calibration trials. The practice trials allow the user to get familiar with the interface and the tasks to be performed. Therefore, the variability of the results is reduced due to the practice effect. The calibration trials provide the parameters that characterize the dynamic scale functions.
The initial practice trials consist of 25 trials of the unidirectional connection test, where targets appear at random distances D and with random widths W . This results in difficulty indexes between 1 and 6 bits, as they appear in the final test. Afterward, the participant performs four trials of the multidirectional tracing test. The combinations of diameter of circumferences and width of the path are the same as in the final test. A Duncan's Range test verifies that this number of trials is enough to ensure that the learning effects are stabilized. After a short pause, the same sequence of trials is repeated for calibration. In this case, the goal is to capture the parameters of the user that characterize the dynamic scaling functions.
The user is encouraged to perform the trials as quickly as possible and to make as few errors as possible. This test is repeated for the four input interface devices.
Parameters Characterization
All the parameters presented in this work have been characterized through experiments. The finite state machine presented in Section 2 has not been used because only one known target is presented on the screen at a time.
During the calibration trials, the input movement from the interface is recorded every 20 ms. The measurement of the displacement D 1 and the time T 1 after the initial impulse in the unidirectional connection test provides the deviation S 1 , according to Equation 5. In the multidirectional tracing test, the total displacement D, the total execution time T without faults (without contact with the circumferences) and the average deviation S AV around a central line are recorded. These values are used to obtain the TP and the maximum average speed V AV to execute the task successfully, according to Equations 2 and 3. The constant K T is estimated after repeating the test, for the different combinations of diameter of circumference and width of the path. From K T , the threshold speed V U is obtained in function of the TP and the required precision ω p , according to Equation 4.
The constant scaling factor k M is fixed to 2 (Munoz, 2012) , a trade-off between accuracy movements near the target and reduced displacements during the movement toward the target. The pointer acceleration factor is only considered in the constant scaling. The interface driver used in the experiments provides three levels of acceleration (low, moderate, and high). Although the literature is not conclusive on the effect of each of these levels on the interface performance, in general, users have a preference for the moderate level. The majority of participants in this experiment also showed a preference for this level. Quantitatively speaking, this level of acceleration means that the speed increases 10% every 10 ms.
The static scaling is a function s M (r) of the distance r to the objects. This function takes the shape shown in Figure 15 . The low scale s min near the objects (r < r min ) allows reducing the corrective movements around the target; and the largest scale s max far from the objects (r > r max ), allows reducing the traveled distance. In previous work (Munoz, 2012) , the best performance was reached with the values: r min = 5, r max = 50, s min = 1, s max = 8. The values of distances r are measured in mm, the scales s are dimensionless.
Unidirectional Connection Test
The unidirectional connection test (known as the Fitts's experiment) consists in moving the cursor towards a vertical rectangle as quickly as possible, as shown in Figure 16 . The width W of the rectangle and the distance D to the cursor vary along the test, giving an index of difficulty between 1 and 6 bits, as the ISO norm suggests.
Every participant performs the test with each device, combining three distances D and two object widths W for a total of 6 difficulty indexes ID. The number of samples in this test results from the combinations of 3 scaling modes × 6 ID × 5 reps × 25 participants × 4 devices = 9000 samples. Figure 17 shows the D and W combinations used for every ID and the exact value of ID computed according to Equation 1. The execution time and the Throughput are measured in all cases. Figure 18 shows the average and standard deviation for all the data in every method and device. The results obtained after the analysis of variance are shown in Figure 19 with the values of the F test and the probability p of null hypothesis. The results of the average execution time MT and Throughput TP, with their 95% confidence intervals, are shown in Figure 20 . As shown in Figure 19 , there is a significant difference, in the average execution time and Throughput, among the three scaling methods in all the devices. The average Throughput has been calculated for both static and constant scaling. The former has produced higher results in all cases, the increase ranging from an 18% for the mouse to a 46% for the Joystick 3D. In the dynamic scaling method the range of improvement over the static scaling is around 32% on the trackball and 95% on the Joystick 3D, as seen in Figure 20 and Figure 18 . In the constant scaling mode, the device showing the largest TP is the mouse, with an average of 5 bit/s, being the conventional joystick the one that shows the lower TP, with 2 bit/s. By means of the scaling methods the joystick's TP can reach similar values to those obtained by the mouse at constant scaling. In fact, certain combinations of ID can be observed, in which some devices behave better than others when applying the scaling functions.
Interaction terms appear in some ID * Method combinations, as seen in Figure 19 . There are two main causes of interaction ( Figure 20) . First, the lower ID does not show significant difference among the three methods. That is to say, when the task is very "easy" to perform, the aiding method does not make any difference on the execution of the task. Second, the Index of difficulty ID2 produces higher MT than the MT obtained from the Index of difficulty ID3. A similar effect occurs with TP. Although this result conflicts with Fitts's law, it appears that the smaller target (W = 2 mm) in the ID2 task penalizes more the execution time than the larger distance (D = 100 mm) in the ID3 task, despite having similar ID; see Figure 5 . The presence of the dynamic scaling method reduces drastically the number of corrections that appear especially on the smaller target. Figure 21 shows the result of the test of subjective evaluation, which compares the perception of the scaling methods over a constant scaling. According to this quiz, the participants perceived that the dynamic scaling allows executing the task with lower workload, higher precision, higher speed, lower levels of frustration and requiring lower attentiveness.
Multidirectional Tracing Test
The multidirectional tracing test consists in dragging an object, as quickly as possible, through a circular path composed of two concentric circumferences, and without touching them, Figure 22 . The object width W and the diameter between the circumferences D are modified along the test giving different indexes of difficulty, as the ISO norm suggests. In this test, the method of dynamic scaling is compared with respect to a conventional constant scaling with acceleration. There is no use applying the static scaling method here since the cursor navigates close to the targets. The 25 participants performed the test with the four input interface devices over combinations of the object's sizes and the diameters of the circumference, giving four ID. The test is composed of two diameters D (40 and 100 mm) and two object widths (4 and 7 mm). The width of the path formed by the two circumferences is 10 mm, allowing a margin of movement of 6 and 3 mm. The resulting number of samples in this test is: 2 scaling methods × 4 ID × 5 reps × 25 participants × 4 devices = 4,000 samples. Figure 23 shows the D and W combinations used for every ID and the exact value of ID. In a tracing task the ID is computed through the quotient between the length of the path πD, and the margin of movement between the width of the path W and the width of the target K. Then ID = πD/(W-K ). Being D the diameter of the circular path, with K = 7 mm the width of the target. The execution time, the TP, and the number of faults (number of times that the object touches the path, causing the participant to begin the trial) are measured in all cases. Figure 24 shows the average and standard deviation for all the data in each method and device. The results after the analysis of variance are shown in Figure 25 with the values of the F test and the probability p of null hypothesis. The results of the average execution time MT , Throughput TP and number of faults, with their 95% confidence intervals are shown in Figure 26 . As shown in Figure 24 , there is a significant difference in the average execution time, in the average Throughput and in the average number of faults, between the two scaling methods in all the devices. Interaction terms appear in some ID * Method combinations; see Figure 25 . The narrow path task has more impact over MT, TP and number of faults, than the larger path task; see Figure 17 . On the other hand, the presence of the scaling method benefits more the tasks with the narrower path.
Dynamic scaling allows a reduction in the execution time, therefore increasing TP in all cases, from an average around 50% for the Joystick 3D up to a 98% on the trackball, and reducing almost completely the number of faults; see Figure 24 . It is important to highlight the improvement obtained on the conventional joystick. This device is characterized, on one hand, by a difficult control due to the presence of hysteresis in the neutral position (when the joystick rests at its central and resting position) and, on the other hand, by the nonlinear force required in this position. The dynamic scaling method produces an increase of around a 70% in the TP and an important reduction in the number of faults.
The particular operation of the trackball makes the tracing of circular trajectories difficult due to the continuous change in finger movements to modify the advance direction along the circumference. Applying a constant scaling, this device's performance is similar to that of the conventional joystick, but the TP doubles when applying the dynamic scaling.
The Joystick 3D, with an isometric behavior characterized by a very low range of movements, provides the highest performance at constant scaling, making it suitable for navigation tasks. In dynamic scaling the task performance becomes even more fluid and effective since there is a reduction in the execution time and in the number of faults. Figure 27 shows the results of the test of subjective evaluation, which compares the perception of dynamic scaling over a constant scaling. This is the case with the unidirectional connection test. Here, the quiz also shows that the participants have a better perception of the dynamic scaling method because it allows executing the task with lower workload, with higher precision, at a higher speed and with lower levels of frustration and attentiveness with respect to the constant scaling.
Finally, Figure 28 shows the average TP for all the data obtained for each device applying the dynamic scaling method and comparing them with those obtained with the constant scaling. All the devices show better performance using the dynamic scaling method, as the aforementioned results show. Besides, the average throughput of some devices with poor performance at constant scale (e.g., the joystick) can reach the performance of the mouse obtained at a constant scale when applying a dynamic scale. This is remarkable because, with the proposed method, some devices could become suitable for tasks that otherwise would not perform with the required level of efficiency, effectiveness, and ergonomics. 
CONCLUSIONS AND FURTHER WORK
For general purpose applications, a constant scaling method applied to the input interface-with some aids such as the acceleration provided on conventional computers-is useful. The acceleration aid reduces the total displacement of the input interface when the cursor is far from the objects. The static scaling varies the CD ratio as a function of the distance to the targets. It has been demonstrated that this scaling method improves the execution of tasks reducing operation time and the number of errors. However, this is only possible when certain knowledge about the layout of the objects in the computer interface is available. The introduction of the motor behavior model allows advancing a step further, thus making it easier for the user to execute tasks at maximum throughput with minimum workload and attentiveness for all the input interfaces analyzed. Another conclusion refers to the way in which the performance of a determined input interface device changes with the introduction of the scaling method for certain tasks. It has been demonstrated that whereas a particular device shows poor performance when operating with constant scaling, other devices perform successfully. Introducing dynamic scaling instead, the performance of such a device (e.g., the joystick) reaches a fluent operating mode. From the users' point of view, the continuous scaling provides the feeling of a natural movement of the cursor. Participants in the experiment adapted quickly to the assisted interface.
The next step will be the application of these techniques in teleoperation systems. Further experimentation using these motor behavior and dynamic scaling techniques is being performed by applying them on tactile devices.
